Ti mesh was bonded to a solid titanium substrate using pulse electric current sintering (PECS) to fabricate a porous surface of potential use in a titanium implant. We investigated the effect of heating rate on the bonding strength, deformation of the mesh and deformation of the entire construct. During the PECS process, there was a temperature gradient between the Ti mesh and Ti rod, which increased with increasing the heating rate. At the same bonding temperature, a rapidly heated mesh showed a higher temperature than when heating was slow, and caused the strongest bonding.
Introduction
Titanium (Ti) and Titanium alloys are recognized as useful implantation materials because of their excellent mechanical properties, high specific strength, and high corrosion resistance. Recently, having a porous surface on a titanium or titanium-alloy implant has attracted increasing interest from numerous researchers. This is because the interconnected pores of such a surface can provide a framework for bone growth into the matrix of the implant, and thus anchor the prosthesis to the surrounding bone, preventing loosening of implants. [1] [2] [3] The most commonly used porous surface is a sintered bead coating, consisting of one to four layers of Ti or Ti-6Al-4V beads attached to the surface of a Ti-6Al-4V implant. [4] [5] [6] However, the process of sintering beads to a substrate requires heating at about 1400 C for 5-7 h, which causes microstructural changes in titanium alloys that affect their mechanical properties. 6) In addition, the precise control of pore size and porosity is difficult. 7) Therefore, a new fabrication process is needed.
Pulse electric current sintering/bonding (PECS or PECB), also called spark plasma sintering or plasma activated sintering, [8] [9] [10] [11] [12] [13] [14] has received much attention in the recent years because of its many advantages compared with other sintering/bonding methods such as the hot pressing and hot isostatic pressing (HIP) processes. In the PECS process, a pulse of electric current flows directly through the sintered/ bonded materials, yielding a very high heating efficiency. In general, a heating rate up to 1500 C/min can be achieved using the PECS process, compared with 50{80 C/min for the conventional sintering/bonding process.
In the PECS process, the heating rate is an important factor. It affects the properties of the sintered/bonded specimens. Conflicting reports have been published on the effects of heating rate on grain growth in ceramic powders treated with PECS. [15] [16] [17] However, no reports have appeared on the effect of heating rate on the sintering/bonding of metallic materials with PECS.
In the present study, Ti mesh was bonded to a solid titanium substrate with PECS to produce a porous surface on titanium. We investigated the effect of heating rate on the bonding strength, the deformation of the mesh and deformation of the entire structure. The results are discussed with reference to the mesh temperature and the temperature distribution around the joints.
Experimental Methods
Commercially pure (CP) Ti mesh (grade 1, TAMAGAWA Co., Ltd, Niigata, Japan) was used in the present study. The hole size was 650 Â 320 mm 2 , thickness 93 mm, and porosity 61.8%.
In order to evaluate the bonding strength, joints were prepared with one piece of Ti mesh sandwiched between two Ti rods. The CP Ti rod (grade 2) used was machined into a cylinder with a diameter of 12 mm and a length of 30 mm. The surface to be bonded was machined on a lathe. Bonding experiments were performed using a PECS apparatus (PLASMAN, SSAlloy Co., Ltd, Hiroshima, Japan). Figure 1 shows a schematic diagram of the PECS apparatus ( Fig. 1(a) ) and a magnified photo of the Ti mesh ( Fig. 1(b) ).
In the PECS process, the mesh/rod sandwich was placed between two electrodes with graphite spacers, and electrical current was applied to heat the constructions. This PECS apparatus can supply pulsed electric current and direct (a) (b) current. In this study, the latter was used. Bonding experiments were carried out in a vacuum of $10 À3 Pa. Top and bottom electrodes were pressed together at 0.9 MPa, which is the minimum for this PECS apparatus. The control temperature (T C ) was measured by a K-type thermocouple, welded to the Ti rod about 1 mm from the Ti mesh. The heating from room temperature to bonding temperature (T B ) was controlled by the applied electrical current. Heating rates of 60, 200, 400, 950 and 1500 C/min were used. Holding time at T B was 0 min, that is to say, when the control temperature reached T B , the electric current was shut off, and the unit was rapidly cooled down. Bonding temperatures of 750 C and 800 C were chosen. Figure 2 shows the temperature histories for heating rates of 60 and 950 C/min at 750 C, measured by the K-type thermocouple.
Deformation of the joints was quantified by eq. (1) using the length of the constructions (Ti mesh sandwiched between two Ti rods) before (L 1 ) and after bonding (L 2 ).
Deformation of the mesh was quantified by eq. (2) using the thickness of the mesh before (h 1 ) and after bonding (h 2 ).
Tensile tests of the bonded joints were carried out using an autograph tester (Model AG-250KNG; Shimadzu Corporation, Kyoto, Japan) at room temperature. A tensile velocity of 1 mm/min was used. Tensile strength was calculated using the measured tensile load and the area of a circle with a diameter of 12 mm.
The fractured surfaces and cross sections were examined with a scanning electron microscope (SEM) (Model JSM-6400, JEOL, Tokyo, Japan) and an optical microscope (Model ECLIPSEM600P, Nikon, Tokyo, Japan).
Results
In order to investigate the effect of heating rate on bonding strength, joints were made from an assembly of one piece of Ti mesh sandwiched between two Ti rods, bonded at temperatures of 750 and 800 C with heating rates of 60, 200, 400, 950 and 1500 C/min. Figure 3 shows the relationship between tensile strength and heating rate for bonding temperatures of 750 and 800 C. It can be seen that tensile strength increases with increasing heating rate at each bonding temperature except for 60 C/min. For the joint made at 750 C with a heating rate of 950 C/min, the tensile strength was about 99.4 MPa. The porosity of the Ti mesh used was 61.8%. The contact area between the Ti mesh and the Ti rod was 38.2% of the area of a circle with a diameter of 12 mm. Thus the bonding strength between Ti mesh and Ti rod was about 302.4 MPa when the Ti-mesh did not deform, equal to the strength of the parent material, which is 240{340 MPa for grade 1 Ti. For joints made with a heating rate of 1500 C/min, the calculated bonding strength between Ti mesh and Ti rod seems to exceed the strength of the parent material.
After tensile testing, microstructures on the fractured surface of joints were examined with SEM. Figures 4(a) and (b) show SEM micrographs of the fractured surfaces of the bonded joints heated at 60 and 1500 C/min. The 1500 C/min surface exhibits dimples over the entire fractured surface; the ductile fracture characteristic of strong bonding. The same fracture type was also observed on 950 C/min surfaces. However, large dimples were few on the fractured 60 C/min surface, appearing only in localized areas. This indicates that strong bonding did not occur. For the fractured surfaces with 200 and 400 C/min, the similar fracture type with that of 60 C/min was observed. To investigate the effect of heating rate on joint deformation, the constructions length was measured before and after bonding. The deformation of the bonded joints was evaluated. Figure 5 shows the dependence of joint deformation on the heating rate for both bonding temperatures. Joint deformation increased with increasing heating rate, except for the condition in 60 C/min. It is noteworthy that the deformation of the bonded joints heated at 1500 C/min is matched only by those heated at 60 C/min. This suggests that it is possible to achieve strong bonding without large deformation by using the PECS process with a rapid heating rate.
To study the effect of heating rate on deformation of the mesh, cross-sections of the 750 C bonded joints were examined with an optical microscope. Figures 6(a) and (b) show optical micrographs of cross sections of the bonded joints heated at 60 and 1500 C/min, respectively. The thickness of the original mesh was 93 mm. In the 60 C/min case, the mesh thickness after bonding was 86 mm, showing little deformation. In contrast, the mesh thickness decreased to 61 mm in the 1500 C/min case, a 34% deformation. Figure 7 shows the dependence of mesh deformation on heating rate for a bonding temperature of 750 C. The mesh deformation increases with increasing heating rate. For the bonded joints heated at 1500 C/min, the mesh deformation was twice as large as at 60 C/min. On the other hand, at a bonding temperature of 750 C the deformation of the bonded joints heated at 1500 C/min was similar only to that of the 60 C/min case (Fig. 5) . Deformation was notably less in the joints heated at 200 C/min than in the 60 C/min joints. Comparing Fig. 5 with Fig. 7 , it is clear that both mesh and rod deformed significantly at a heating rate of 60 C/min. In contrast, when the heating rate was over 200 C/min the deformation of the bonded joints was concentrated in the mesh and the rod deformation was small.
Discussion
To determine why the mesh deformation increased with increasing heating rate, and why the joint deformation was concentrated in the mesh by rapid heating, we investigated the mesh temperature and the temperature distribution along the joints.
First, the mesh temperature (T M ) was measured, using a K-type thermocouple welded at the mesh position (see Fig. 8 ). Actually measuring the temperature of the mesh was difficult because the diameter of the terminal of the thermocouple was about 300 mm, while the mesh thickness was only about 93 mm. Thus the measured temperature was the average temperature of the area around the mesh, though we call it the mesh temperature.
Simultaneously, a control temperature (T C ) was also measured by a K-type thermocouple welded to the rod about 1 mm away from the Ti mesh. Figure 8 shows the dependence of mesh temperature on heating time for heating rates of 60 and 950 C/min. At a heating rate of 60 C/min, the mesh temperature (T M ) was about 30{50 C higher than the control temperature (T C ) over the entire heating period. However, at a heating rate of 950 C/min, the change in mesh temperature (T M ) exhibited three stages. At the first moment of current flow, the mesh temperature quickly climbed to a maximum (T max ), then decreased, then climbed again. When the control temperature reached the bonding temperature (T B ) of 750 C, the final mesh temperature (T F ) was 860 C. Similar behavior was observed at other heating rates.
Then we evaluated the maximum temperature T max at first moment and mesh temperature T F at final moment for every heating rate used. We also calculated the difference between the maximum and control temperatures (ÁT max ¼ T max À T C ) and between the final mesh temperature and the bonding temperature (ÁT ¼ T F À T B ). Figure 9 shows the relationship of these temperature differences and the heating rate. It can be seen that both temperature differences increased with increasing heating rate. This indicates that there was a temperature gradient between the mesh and a point about 1 mm away on the rod. This temperature gradient increased with increasing heating rate. The existence of such a temperature gradient in the PECS process has also been demonstrated in the sintering of metals and ceramics. [18] [19] [20] In general, when titanium is heated in a vacuum of about 1 Pa, its surface hue changes because of oxidation, darkening with increasing temperature and time. When the temperature is over 700 C, the titanium surface becomes blue. Utilizing this phenomenon, we investigated the temperature distribution along the joints.
Bonding experiments at heating rates of 60, 200, 400, 950 and 1500 C/min were carried out in a vacuum of 1 Pa. Bonding temperatures of 800 and 850 C were used in the present study. Figures 10(a) and (b) show photographs of samples heated to 850 C at rates of 60 and 400 C/min. For the 60 C/min sample, 2/3 of the length of the rod near the mesh is colored blue, as shown in Fig. 10(a) . It can be presumed that the temperature dropped from 850 to 700 C within about 20 mm. However, the fact that only 1/3 of the rod length turned blue, as shown in Fig. 10(b) , indicates that the temperature dropped from 850 to 700 C within about 10 mm. Using the same method, the length of the blue area L, as indicated in Fig. 10 , was measured for various samples treated with different heating rates. Figure 11 shows the dependence of the length of the blue area on the heating rate. It can be seen that the blued length decreased with increasing heating rate. When the heating rate was over 950 C/min, the blue area was almost unnoticeable, regardless of the bonding temperature. This is a further indication that the temperature gradient along the joint increased with increasing heating rate.
Based on these results, we can sketch the temperature distribution along the joints during the PECS process (Fig. 12) . The mesh temperature was higher than the bonding temperature measured by the thermocouple welded about 1 mm away from the edge of the mesh. With rapid heating, the mesh temperature was higher than with slow heating even if the bonding temperature was the same. This explains why the mesh deformation increased with increasing heating rate and why the tensile strength increased with increasing heating rate.
Furthermore, the bonding strength between the Ti mesh and the Ti rod exceeded the strength of the parent material when the heating rate was 1500 C/min (Fig. 3) . The reason is thought to be as follows. Because the mesh has a larger deformation, the contact area between the mesh and the rod should be greater than 38.2% of the area of the circle. However, in calculating the bonding strength, the increased contact area was ignored, making the apparent bonding strength higher than that of the parent material. Also, when a heating rate of 60 C/min was used (Fig. 3) , the tensile strength of the joint was higher than that produced by a 200 C/min rate. The reason is that at 200 C/min the temperature gradient along the joints was larger than when the heating rate was 60 C/min. Therefore only the mesh was heated, and the rod deformation was slight. But when the heating rate was a slower 60 C/min, the temperature gradient along the joints was small. The heated Ti rod was deformed and the area of the contact was enlarged. Because the increased area of the contact was ignored in the calculation of the bonding strength, a higher tensile strength was calculated.
In the conventional sintering process, the beads and substrate are heated uniformly by a nearby heater. The substrate experiences the same temperature as the beads, and both the substrate and beads deform. In the PECS process, when the heating rate is as slow as 60 C/min, the electric current flowing through joints is small and the Ti mesh and Ti rod are heated uniformly, as in the conventional sintering process. In contrast, when the heating rate is higher, a large electric current flows, and the electric current density in the Ti mesh is higher than that in the Ti rod. In addition, there is contact resistance between the mesh and rod, concentrating the increase in temperature in the mesh and at the interfaces between the mesh and the rod. The rod should experience a lower temperature than in the conventional sintering process, explaining why the deformation of the Ti rod is small.
Conclusions
Ti mesh was bonded to a solid titanium substrate using PECS to fabricate a porous surface on titanium suitable for an implant. We investigated the effect of heating rate on the bond strength of the joints, deformation of the mesh and deformation of the joint. The heating rate had a significant effect on the temperature distribution along the structures. There was a temperature gradient from the Ti mesh to the Ti rod that increased with increasing heating rate. For the same bonding temperature, the mesh temperature under rapid heating was higher than with slow heating. Strong bonding can be achieved by rapid heating due to the concentration of heat at and near the mesh the deformation of the rod was reduced. 
